The recent LHCb data for exclusive J/ψ peripheral production at 13 TeV motivate an improved 'NLO' analysis to estimate the gluon distribution at low x in which we re-calculate the rapidity gap survival factors and use a more precise expression for the photon flux. We comment on the difference between the k T and collinear factorization approaches.
Here we have assumed the behaviour of xg(x, k (5) we use a NLO gluon parametrisation of the same form as fitted in [2] , see (6) below. Recall that working in terms of k T factorization we avoid the problem of the choice of the factorization scale µ F , which in the low x region creates a large uncertainty for the theoretical prediction based on collinear factorization. Here the convergence of the integral over k T is provided by an explicit form of the 'hard' matrix element; that is, by the factor 1/(Q 2 + k 2 T ) in (5) even without the kinematic cutoff which is, strictly speaking, beyond the leading log approximation.
What additional corrections are there in our calculation of γp → J/ψ p? First, there may be an uncertainty arising from the skewed factor, which accounts for the difference between the conventional (diagonal) gluon PDF and the generalized (GPD) distribution, arising from the different γ and J/ψ masses. As in [2] , we use the Shuvaev transform to relate the diagonal PDF and the GPD. This provides sufficient accuracy, ∼ O(x), in our low x domain. Next, there may be an uncertainty coming from the real part of the amplitude, which is evaluated approximately. Again the uncertainty is small (less than 2%) in the low x region, where the x dependence is not steep and the Re/Im ratio is rather small. Finally, there are relativistic corrections to the J/ψ wave function, which in the analysis were considered just in the non-relativistic approximation. These were estimated by Hoodbhoy [11] : normalizing to the experimental values of Γ ee and M ψ , he found the remaining relativistic corrections are rather small, amounting to a suppression of about 6%.
Here we perform a combined description of the HERA data for γp → J/ψ p and the LHCb data for pp → p + J/ψ + p at 7 TeV [9] first omitting, and then including, the preliminary 13 TeV data [1]. We include not only the HERA photoproduction data but also electroproduction data. To describe the scale dependence of the gluon PDF we take the form
, (6) with parameters N, a and b to be determined by the data. With three light quarks (N f = 3) and N c = 3 we have β 0 = 9. The exponential accounts for the resummation of the leading double logarithmic terms (α s ln(1/x)ln(µ 2 )) n . We use the one-loop α s coupling and allow for the single log contributions via free parameters: the variable a to account for the x dependence and the variable b to account for the µ dependence. We take Λ QCD = 200 MeV and Q 0 = 1 GeV. The expression obtained from fitting the parametric form to the data reproduces, to good accuracy, NLO DGLAP low x evolution in the interval of Q 2 from 2 → 30 GeV 2 more than covering that needed for the exclusive J/ψ data.
To describe the exclusive LHCb pp → p+J/ψ+p process, we must account for the probability of additional soft interactions between the two colliding protons, which will generate secondaries that will populate the rapidity gaps and destroy the exclusivity of the event. These absorptive corrections are calculated using an eikonal model [2, 12] . In this way we obtain a suppression or survival factor, S 2 , which depends on the pp collider energy and the energy, W , of the photonproton sub-process γ * p → J/ψ p. Recall, from [2] , that there are two diagrams describing exclusive J/ψ production of rapidity y at the LHC. The diagram with the larger photon-proton sub-process energy, denoted W + , gives the major contribution for a J/ψ produced at large rapidity and allows to probe of the gluon to very low x values, x ∼ M ψ exp(−y)/ √ s. The other diagram in which the virtual photon is emitted from the other proton has lower γp energy, W − , and opposite J/ψ rapidity with respect to the proton which radiates the photon. That is
The theoretical prediction for the pp → p + J/ψ + p cross section is given by
We see that the values of the subprocess cross sections, σ th ± (γp), are weighted by the corresponding survival factors S 2 (W ± ) and the photon fluxes dn/dk ± for photons of energy 7 TeV Table 1 : Rapidity gap survival factors S 2 for exclusive J/ψ production, pp → p + J/ψ + p, as a function of the J/ψ rapidity y for pp centre-of-mass energies of 7, 8 and 13 TeV. The columns labelled S 2 (W ± ) give the survival factors for the two independent γ * p → J/ψ p subprocesses at different γ * p centre-of-mass energies W ± .
The interference term between the W + and W − diagrams is strongly suppressed, see [2] .
In comparison with our previous analyses [2, 3] , here we use the precise expression for the photon flux [13] , keeping all the corrections of O(x).
1 Moreover, we used an updated model for the gap survival factors tuned to the precise TOTEM data [15] for pp scattering at 7 TeV.
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The updated values of the survival factor as listed in Table 1 [7] we include a fully correlated 5% normalisation error (also between the photoproduction and electroproduction data). For the H1 2013 data [8] we use the full covariance matrix as provided by H1. For the LHCb 2014 data [9] we allow for a fully correlated 7% normalisation error. The LHCb 2013 data [4] are superseded by the 2014 data and are not included. For the preliminary LHCb 2016 data [1] we take the fully correlated normalization error of 7%.
The two bands in Fig. 1 show the results of two 'NLO' fits to the LHCb data for pp → p + J/ψ + p together with the HERA data for γ * p → J/ψ + p; first omitting, and second including, the preliminary 13 TeV LHCb data. We obtain respectively the parameter values 
for the gluon distribution of (6). The two sets of parameters are essentially identical. In (8) and (9) we only show the diagonal errors, but note that there is a strong correlation between the parameters N and b. The uncertainty bands shown in Fig. 1 (and Fig. 2 ) are obtained by propagating the errors on the fit parameters using the full N, a, b covariance matrix obtained from our fit to the data. The width of the bands therefore indicates only the uncertainty due to experiment and do not include the theoretical uncertainties.
Note that the gluon form (6) produces a curvature in the x behaviour which prevents the band going through the centre of the 7 TeV LHCb data [9] , even when omitting the 13 TeV data [1] . In fact the same values of the parameters were obtained in the original combined fit [2] to the HERA data and the first LHCb 7 TeV data [4] . The essentially identical 'curvature' in all these 'NLO' analyses is a non-trivial result; it means that the ansatz (6) taken for the behaviour of the gluon is well supported by the data. We emphasize that the 'effective' LHCb The 'NLO' bands corresponds to the combined fits to the W + solutions extracted from the LHCb data for pp → p + J/ψ + p together with the HERA data for γ * p → J/ψ + p data. The two fits, first omitting, and second including, the preliminary LHCb data at 13 TeV [1] give bands that are essentially identical, and cannot be distinguished on the plot. The widths of the bands are given by propagating the errors on the fit parameters using the full covariance matrix obtained from our fit to the data. The width of the uncertainty bands is therefore controlled by the 1σ uncorrelated uncertainties of the data and by the normalisation errors of the data sets. data points for σ th + (γp) shown in Fig. 1 are not measured directly by the experiment, but display the self-consistent W + solution which results from our fits.
In Fig. 2 we compare the integrated gluon PDFs, xg(x, µ 2 ), extracted from the 'NLO' fits to the LHCb data, with the central values of the NLO gluon distributions obtained from the global parton analyses of Refs. [16, 17, 18] , for different values of the scale µ 2 . For clarity, we only show the uncertainty in xg(x, µ 2 ) for the NNPDF3.0 parton set. We see that we have a good general agreement between the gluon PDF obtained using exclusive J/ψ LHCb data and the gluon determined in the global parton analyses in the region x > ∼ 10 −4 where the global analyses are able to determine the gluon from data. On the other hand, the global analyses are unable to pin down the gluon distribution for x < ∼ 10 −4 where there are no data.
Note that at the largest x ∼ 0.004 supported by the exclusive J/ψ and HERA data the resulting gluon distributions are close to those determined by the global analyses. At larger x the behaviour of xg is completely driven by the form of the ansatz of (6). It is easy to modify [16, 17, 18] ; together with shaded regions which show the uncertainties on xg(x, µ 2 ) in the NNPDF3.0 analysis. the result at a larger x by adding an additional term in our ansatz. However, we do not do it here since in this region the gluons are much better determined by other data that are included in the global PDF analyses. Our aim is to study the very low x domain. We emphasize, as is seen from Fig.1 , the accuracy of exclusive J/ψ data is about (10 -20)% of better. This allows the determination of the gluon density below x = 0.004 with better than 10% accuracy (recall that σ ∝ (xg)
2 ). The error bands of the gluon distributions coming from the J/ψ and HERA data reflect the only the errors on the data and do not include the errors associated with the theoretical parametrization.
Of course, strictly speaking, the 'NLO' gluon PDFs that we obtain from exclusive J/ψ data using k T factorization, should not be directly compared to the MS PDF distributions of the NLO global parton analyses, since our 'NLO' gluon distributions (i) do not include all the collinear NLO corrections, and (ii) correspond to the 'physical' scheme in which the PDFs are a bit different 3 to those defined in the MS scheme.
Recall that, although the NLO corrections to J/ψ photoproduction have been known explicitly in the collinear MS factorization scheme for some time [20, 21] , it has been impossible to extract information in this scheme due to the very strong dependence on the choice of factorization scale. Very recently this problem has been solved in principle. We can choose the so-called optimal factorization scale, µ F = M ψ /2, which allows the resummation of the double-log (α s lnµ 2 ln(1/ξ)) n contributions [22] ; also it is possible to resum the BFKL-induced single-logs (α s ln(1/ξ)) n terms [23] . (Here the skewed parameter ξ plays the role of x.) Finally we need to impose a 'Q 0 cut' [24] , which gives rise to power corrections that are necessary to avoid double counting and which are crucial numerically at the low optimal factorization scale. This opens the possibility of the exclusive J/ψ data in the forward direction at the LHC being able to determine the MS gluon PDF at low scales.
In the present global PDF analyses [16, 17, 18] there are no data probing the gluon in the low x, low Q 2 domain. The predictions of the global fits are simply an extrapolation from larger x based on one or another ansatz for the input distribution of the gluon. So how may the exclusive J/ψ (and HERA electroproduction) data be included in a global PDF fit? One possibility would be to use the above k T -factorization approach and then to transform the result to the MS scheme following Ref. [19] . Another possibility is to work in the MS scheme from the beginning, using the optimal factorization scale obtained from resumming the (α s ln(1/ξ)ln(Q 2 )) n terms, and accounting for the Q 0 power corrections as described in [24] .
